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A viewpoint now emerging is that a critical factor in lipid-mediated transfection (lipofection) is the structural evolution of lipoplexes upon
interacting and mixing with cellular lipids. Here we report our finding that lipid mixtures mimicking biomembrane lipid compositions are superior
to pure anionic liposomes in their ability to release DNA from lipoplexes (cationic lipid/DNA complexes), even though they have a much lower
negative charge density (and thus lower capacity to neutralize the positive charge of the lipoplex lipids). Flow fluorometry revealed that the
portion of DNA released after a 30-min incubation of the cationic O-ethylphosphatidylcholine lipoplexes with the anionic phosphatidylserine or
phosphatidylglycerol was 19% and 37%, respectively, whereas a mixture mimicking biomembranes (MM: phosphatidylcholine/phosphatidy-
lethanolamine/phosphatidylserine /cholesterol 45:20:20:15 w/w) and polar lipid extract from bovine liver released 62% and 74%, respectively, of
the DNA content. A possible reason for this superior power in releasing DNA by the natural lipid mixtures was suggested by structural
experiments: while pure anionic lipids typically form lamellae, the natural lipid mixtures exhibited a surprising predilection to form nonlamellar
phases. Thus, the MM mixture arranged into lamellar arrays at physiological temperature, but began to convert to the hexagonal phase at a slightly
higher temperature, ∼40–45 °C. A propensity to form nonlamellar phases (hexagonal, cubic, micellar) at close to physiological temperatures was
also found with the lipid extracts from natural tissues (from bovine liver, brain, and heart). This result reveals that electrostatic interactions are only
one of the factors involved in lipid-mediated DNA delivery. The tendency of lipid bilayers to form nonlamellar phases has been described in terms
of bilayer “frustration” which imposes a nonzero intrinsic curvature of the two opposing monolayers. Because the stored curvature elastic energy
in a “frustrated” bilayer seems to be comparable to the binding energy between cationic lipid and DNA, the balance between these two energies
could play a significant role in the lipoplex–membrane interactions and DNA release energetics.
© 2007 Elsevier B.V. All rights reserved.Keywords: Lipid phase transition; Surface charge; Cationic lipid; DNA unbinding; Transfection1. Introduction
The major discovery in the field of biological membranes is
undoubtedly the finding that their matrix represents a liquid-
crystalline bilayer with embedded proteins [1]. This fluid-
mosaic model has been a central paradigm of membrane
biophysics for more than three decades, and it has been
successful in rationalizing a large body of experimental
observations. The model includes two basic postulates referring⁎ Corresponding author. Tel.: +1 847 864 6923; fax: +1 847 467 1380.
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doi:10.1016/j.bbamem.2007.04.026to the lipid phase state— liquid crystalline and bilayer, both of
which are of vital importance for the proper functioning of
membranes. The lipid–water systems are able to form a large
variety of other phases as well — non-liquid crystalline (solid)
and non-bilayer [2,3], but biological regulatory mechanisms
work towards maintaining the membranes in their functional
bilayer liquid crystalline phase. However, recent developments
of the biomembrane model show that the potential ability of the
lipids to form nonbilayer structures seems to be a prerequisite
for important membrane-associated cell processes, and for
the proper activity of variety of membrane proteins [4]. It has
been demonstrated, for example, that prokaryotic organisms,
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delicately adjusted balance between lamellar-forming and
nonlamellar-forming lipids [5,6]. A growing amount of
evidence shows that nonlamellar-forming membrane lipids
play essential roles in many membrane functions [7]. Short-
lived nonbilayer structures have been postulated as intermedi-
ates in the processes of fusion and fission of lipid bilayers.
Moreover, long-lived bilayer structures with a small radius of
curvature occur in some types of biological membranes (e.g.
endoplasmic reticulum, inner mitochondrial membrane, prola-
mellar bodies). Thus, the study of the role played by membrane
lipids – functional lipidomics – is becoming increasingly
important in membrane biology.
Here we demonstrate that lipid extracts from mammalian
tissues and membrane-mimicking lipid mixtures exhibit strong
predilections to form nonlamellar phases at close to physiolog-
ical conditions. These experiments were motivated by the
finding that lipids in the form of tissue extracts and membrane
mimicking mixtures exhibit greater potency to release DNA
from lipoplexes (cationic lipid/DNA complexes) than do pure
anionic liposomes, in spite of the lower negative charge density
of the mixtures (and thus lower capacity to neutralize the
positive charge of the cationic lipids). The synthetic cationic
lipids that generate lipoplexes by complexing with polyanionic
DNA are promising gene carriers that have been studied
extensively [8]. The unbinding of DNA from these cationic
carriers after internalization is necessary for transfection, and is
currently considered to be the result of charge neutralization by
cellular anionic lipids [9,10]; however, our results reveal
additional critical factors besides electrostatic interactions in
the molecular machinery of lipid-mediated DNA delivery.
Present study reflects the lipid eye view to the membrane–
lipoplex interactions. Biomembrane biophysical properties can
change significantly when proteins are present, possibly
influencing also transfection, but evaluating the role of proteins
is beyond the scope of this paper.
2. Materials and methods
2.1. Lipids and DNA
The triflate derivative of dioleoylethylphosphatidylcholine, dioleoyl-O-
ethylphosphatidylcholine (EDOPC), was synthesized as previously described
[11,12]. Polar and total lipid extracts from bovine liver, brain, and heart;
cholesterol, and dioleoyl derivatives of phosphatidylcholine (DOPC), phospha-
tidylethanolamine (DOPE), phosphatidylglycerol (DOPG), and phosphatidyl-
serine (DOPS), all from Avanti Polar Lipids, Inc. (Alabaster, AL), were used
without further purification (for the composition of the tissue extracts, see the
web site of producer, www.avantilipids.com). Herring sperm DNA (Invitrogen,
Carlsbad, CA), 10 mg/ml solution in water, was used for preparation of
lipoplexes. For X-ray diffraction sample preparation, aliquots of lipids were
transferred to vials where the bulk of the solvent was removed under argon. The
vial was then placed under high vacuum for at least 1 h per mg lipid to remove
residual chloroform. Next, PBS (50 mM phosphate buffer, 100 mM NaCl, pH
7.2) was added. The dispersions were hydrated overnight at room temperature,
vortex-mixed for several minutes and then subjected to several cycles of
freezing–thawing. For the flow-fluorometry samples, cationic EDOPC was
labeled with 2.5 wt.% of the fluorescent label BODIPY FL C12-HPC. Lipid
dispersions were prepared at 50 μg/ml in PBS. DNA samples were labeled with
the high-affinity fluorescent dye, ethidium homodimer-2 (Ethd-2) by mixing
them at a 60-bp/dye ratio and incubating for at least 1 h (typically overnight). Amolecule of Ethd-2 carries four cationic charges, so that about 3% of DNA
phosphate group charges are neutralized by labeling. The cationic lipid/DNA
charge ratio in the lipoplexes was estimated on the assumption of an average
nucleotide mol wt 330. Negatively charged liposomes were prepared from
unlabeled lipids at 50 μg/ml in PBS; to release DNA, they were added at 1:1
weight ratio to the cationic lipid at room temperature. For the zeta-potential
measurements, cationic lipid dispersions in PBS were prepared at 50 μg/ml;
DNAwas added to generate lipoplexes at the desired charge ratio.
2.2. Synchrotron small-angle X-ray diffraction (SAXD)
Measurements were performed at Argonne National Laboratory, Advanced
Photon Source, DND-CAT (beamline 5-IDD) and BioCAT (beamline 18-ID),
using 12 keV X-rays, as previously described [13]. The lipid concentration of
the dispersions was 20 wt.%. Samples were filled into glass capillaries (d=1.0 or
1.5 mm) (Charles Super Co., Natick, MA) and flame-sealed. A Linkam thermal
stage (Linkam Scientific Instruments, Surrey, England) provided temperature
control. Linear heating and cooling scans were performed at rates of 0.8–5 °C/
min. Exposure times were typically ∼0.5 s. Data were collected using a MAR-
CCD detector. Sample-to-detector distance was 1.8–2 m. Diffraction intensity
vs. Q plots were obtained by radial integration of the 2D patterns using the
interactive data-evaluating program FIT2D [14]. The repeat period of the
lamellar phase (d-spacing) is determined from the position of the first-order
reflection in the diffraction pattern; the lattice parameter of the hexagonal phase
a=2d/√3 is calculated from the position (d) of the (10) diffraction peak.
2.3. Flow fluorometry
Experiments were carried out as previously described [15,16]. A
FACSCalibur flow cytometer from Becton Dickinson (Franklin Lakes, NJ),
equipped with a 488-nm argon-ion laser was used. Particles were detected on the
basis of emission into the FL1 channel (515–545 nm spectral window). The FL1
channel signal is proportional to BODIPY-PC emission (λem=513 nm), since
Ethd-2 does not emit in this spectral region. Thus, we used this channel to detect
lipid-containing particles and to determine the relative amount of lipid in the
particle, which is proportional to the intensity. The FL3 channel (spectral
window N650 nm) provides information about the amount of DNA in the
particle, since the DNA label, Ethd-2, strongly emits into this channel
(λem=624 nm). Typically, data are collected on 10,000 particles (which usually
takes less than a minute). Bulk fluorescence (as measured in a conventional
fluorometer) of both dyes was invariant upon complex formation. To convert the
FL3/FL1 ratio into a DNA:lipid ratio, their net values were plotted against each
other. Linear regression for the excess-lipid part of the curve is used for
calibration, since all DNA molecules are associated with lipid when the latter is
in excess [15]. The slope of the calibration curve gives the factor for conversion
of FL3 channel intensity into DNA amount; the extrapolation to pure lipid (the
end point can also be independently assessed) gives the amount of BODIPY
emission that carries over into FL3.3. Results
3.1. Release of DNA from EDOPC lipoplexes—flow
fluorometry
Release of DNA is known to be a critical step in lipofection.
Previously, we examined the ability of various anionic mem-
brane lipids to provoke DNA unbinding from the lipoplexes,
and found a clear correlation between the releasing capacities of
the anionic lipids and the mesomorphic structures they form
when mixed with the cationic phospholipid EDOPC. The
anionic lipids that were more efficient in releasing DNA formed
nonlamellar phases of high negative curvature; in contrast, the
anionic lipids, for which only inefficient release of DNA was
observed, formed mostly lamellar phases [17]. In order to make
Fig. 1. Plots of DNA/lipid stoichiometry (charge ratio) vs. cationic lipid content (arbitrary units) as reported by flow fluorometry, showing the time-course of DNA
unbinding from EDOPC lipoplexes after addition of negatively charged liposomes: (A) DOPG; (B) DOPS; (C) membrane model mixture MM (MM=DOPC/DOPE/
DOPS/Chol 45:20:20:15 w/w); (D) polar lipid extract from bovine liver (Avanti Polar Lipids). The stoichiometry (Y) axis represents the ratio of DNA to lipid charges
in the particle. Lipoplexes contained cationic lipid labeled with 2.5% BODIPY-FL, and DNA labeled with the high affinity label, ethidium homodimer-2 (EthD-2) at 60
bp/dye. The panels show the distribution of stoichiometry vs. lipid content [15,16] after different times of incubation at room temperature, as indicated. Lipoplexes
were initially prepared at near the isoelectric lipid/DNA ratio; negatively charged liposomes were added at a 1:1 weight ratio to the cationic lipid. In the usual case,
particles that become more fluorescent are simply becoming larger. Since the fluorophore remains associated with the lipid, when two particles fuse or bind together,
the resultant particle contains the fluorescence of both initial particles. Data in each panel were collected on 10,000 particles within less than 1 min.
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used a lipid mixture with a composition mimicking the average
mammalian cellular membrane [18] as well as lipid extracts
from mammalian tissues (bovine liver, heart and brain).
We applied flow-fluorometry [15,16] to examine, as a function
of time, the release of DNA from EDOPC lipoplexes induced by
addition of negatively charged liposomes. The results are
presented as plots of the DNA/cationic lipid stoichiometry (as aFig. 2. Plots of DNA/lipid stoichiometry (charge ratio) vs. cationic lipid content as rep
lipoplexes 30 min after addition of various negatively charged liposomes, as indicatcharge ratio) vs. the relative cationic lipid content of the individual
particles (Fig. 1) at different times after the addition of the
negatively charged liposomes: DOPG (Fig. 1A), DOPS (Fig. 1B),
membrane-mimicking lipid mixture (MM) DOPC:DOPE:DOPS:
Chol 45:20:20:15 w/w (Fig. 1C), and polar lipid extract from
bovine liver (Fig. 1D). The lipoplexes were prepared at close to
isoelectric conditions (DNA/lipid ∼1:1 charge ratio) and
equilibrated for 30 min before the addition of the negativelyorted by flow fluorometry, comparing the lipid/DNA stoichiometries of EDOPC
ed (see legend of Fig. 1 for details).
Fig. 3. Plots of DNA/lipid stoichiometry (charge ratio) vs. cationic lipid content as reported by flow fluorometry, comparing the DNA release from EDOPC lipoplexes
at two different EDOPC/DNA charge ratios (upper panel: 1:0.75; lower panel: 1:1.5) initiated by addition of liposomes from liver polar lipid extract; negatively
charged liposomes were added at a 1:1 weight ratio to the cationic lipid (see legend of Fig. 1 for details).
Fig. 4. Zeta potential of EDOPC lipoplexes as a function of the DNA/lipid
charge ratio, as measured by a Malvern Zetasizer Nano ZS instrument.
2376 R. Koynova, R.C. MacDonald / Biochimica et Biophysica Acta 1768 (2007) 2373–2382charged liposomes. The negatively charged liposomes were added
to the lipoplexes at a 1:1 lipid weight ratio; measurements were
initiated immediately upon addition of the negatively charged
liposomes to lipoplexes.
Shortly after addition of DOPG liposomes to the EDOPC
lipoplexes, particles of intermediate DNA/cationic lipid stoi-
chiometries could be detected, but even after 30 min the original
1:1 lipoplexes predominated (Fig. 1A); at least an hour was
needed for a considerable decrease of the DNA/cationic lipid
stoichiometry (i.e., DNA release). With DOPS liposomes added
to EDOPC lipoplexes, the DNA release was even slower (Fig.
1B), in agreement with our previous FRET results [17]. Even
after more than 2 h, only part of the DNA was released, and
lipoplexes with the original ∼1:1 DNA/lipid charge ratio were
still observed; the amount of aggregates fully devoid of DNA
(DNA/lipid stoichiometry ∼0) was still minor. With the
membrane mimicking lipid mixture MM as a releasing agent
(at 1:1 MM/cationic lipid weight ratio), the original lipid/DNA
1:1 lipoplexes completely disappeared after 30 min of
incubation (Fig. 1C). When polar lipid extract from liver was
added to the EDOPC lipoplexes (at 1:1 lipid wt ratio), the
original lipid/DNA ∼1:1 lipoplexes were eliminated within the
first 10 min after mixing. The strong DNA releasing potency of
the liver extract was also demonstrated by our previous energy
transfer experiments [17].
Fig. 2 compares the composition of the aggregates 30 min
after the addition of the various kinds of negatively charged
liposomes. Thus, the portion of released DNA after the 30-min
incubation, calculated from the flow-fluorometry data, was 19%
and 37% for the anionic DOPS or DOPG, respectively, whereas
the membrane-mimicking formulation MM and the bovine liverlipid extract released 62% and 74%, respectively, of the DNA of
the EDOPC lipoplexes.
Having established the impressive DNA-releasing potency
of the membrane lipid blends, we next tried releasing DNA
form lipoplexes at different DNA:lipid compositions—at an
excess of DNA (lipid:DNA 1:1.5 charge ratio) and at an excess
of lipid (lipid:DNA 1:0.75 charge ratio). The flow-fluorometric
results, obtained with EDOPC lipoplexes and liver polar lipid
extract as ”releaser”, are shown in Fig. 3. While lipoplexes with
excess of cationic lipid rapidly released their DNA content upon
addition of the liver lipid extract (Fig. 3A), in the case of the
lipoplexes with excess DNA, the release of DNA was quite
inefficient even after 1 h of incubation (Fig. 3B).
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The zeta potential characterizes the surface charge density of
lipoplexes which is critical for interaction with the negative cellFig. 5. SAXD patterns of hydrated samples of polar lipid extracts from bovine brain (
cholesterol 8:2 w/w (E), liver extract : cholesterol 8:2 w/w (F), recorded during heasurfaces, and, not surprisingly, has been reported to affect
transfection [19]. We thus measured the zeta potential of EDOPC
liposomes and lipoplexes at different DNA/lipid ratios (Fig. 4).
Pure cationic liposomes exhibited a positive zeta potential ofA), heart (B), and liver (C); brain extract : cholesterol 8:2 w/w (D), heart extract :
ting scans from 20 °C to 90 °C; the magenta pattern is for 37 °C.
Fig. 6. SAXD patterns of hydrated samples of total lipid extracts from bovine brain (A), heart (B), and liver (C), recorded during heating and cooling scans between
20 °C and 90 °C; the magenta pattern was recorded at 37 °C on heating.
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at DNA/lipid charge ratio ∼1.2:1. The zeta potential was
∼−35 mVat DNA/lipid charge ratios between 1.5:1 and 2.5:1.
3.3. Structure and phase behavior of membrane mimicking
compositions and natural extracts
The unusual capability of the biomembrane simulating lipid
mixtures to provoke release of DNA from lipoplexes, in spite of
their lower negative charge density (and thus lower capacity to
neutralize the positive charge of the lipoplex lipids) motivated
us to examine the structure and phase behavior of such lipid
mixtures. While the anionic lipids DOPS and DOPG are known
to be lamellar phase forming [20,21], the lipid mixtures
modeling the membrane compositions were found strongly
disposed to form nonlamellar phases at close to physiological
conditions.
Fig. 5 shows the SAXD patterns recorded upon heating in
the interval 20–90 °C of hydrated samples of three types of
natural polar lipid extracts: from bovine brain (A), heart (B) and
liver (C). The brain extract is organized in the lamellar phase at
20 °C, with a large lamellar spacing, d=9.86 nm. Upon heating,
it transforms into inverted hexagonal phase at ∼40 °C, with a
lattice parameter a=2d/√3=7.72 nm. On subsequent cooling,
the lamellar phase returns, together with traces of cubic phase,
likely Pn3m (not illustrated). The diffraction pattern of the heart
polar lipid extract also indexes as a lamellar phase at 20 °C
(d=9.28 nm), exhibiting a peculiar intensity profile, with the
second order diffraction reflection considerably more intense
than the first order (Fig. 5B). On heating, it becomes converted
at ∼45 °C into a disordered phase, which does not exhibit anydiffraction maxima. The lamellar phase is restored upon cooling
(not illustrated). The polar lipid extract from bovine liver
undergoes a lamellar→ inverted hexagonal phase transition at
∼50 °C, from a lamellar phase with a repeat period d=8.89 nm
to a hexagonal phase with a large lattice parameter a=12 nm.
Traces of cubic (likely Pn3m) phase are displayed on cooling,
together with the restored lamellar phase (not illustrated).
In order to better model the composition of the biomem-
branes, we added 20 wt.% cholesterol to the three kinds of polar
lipid extracts discussed above, and also examined their
structural organization. The SAXD profiles recorded upon
heating are shown in Fig. 5D–F. With the addition of
cholesterol, all three mixtures exhibited a lamellar–hexagonal
phase transition at temperatures close to physiological, namely
at ∼40 °C for brain polar extract+Chol, ∼42 °C for heart polar
extract+Chol, and ∼52 °C for liver polar extract+Chol. The
lattice parameters of the HII phase at 90 °C are a=7.2 nm,
9.0 nm, and 7.8 nm for the mixtures with brain, heart, and liver
extracts, respectively. The lamellar–hexagonal transition is
reversible on cooling for these samples (not illustrated), along
with the large temperature hysteresis that is typical for this kind
of transition; thus, the reverse transition (hexagonal–lamellar)
takes place on cooling at temperatures even slightly below
physiological (or around it for the heart extract+Chol mixture),
so that at physiological temperatures the samples are within the
hysteresis loop.
We also tested the phase behavior of the total lipid extracts of
the three tissues (bovine brain, heart and liver). According to the
producer, these are chloroform:methanol extract of the respec-
tive organ and differ from the polar extracts (which are further
processed by precipitation with acetone and then extracted with
Fig. 7. SAXD patterns of membrane mimicking (MM) lipid mixture DOPC/
DOPE/DOPS/Chol 45:20:20:15 w/w, recorded upon heating from 25 °C to
55 °C; the bolded pattern indicates the first appearance of the inverted hexagonal
HII phase at 40 °C.
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neutral lipids (www.avantilipids.com). The total extracts also
exhibited strong tendencies to form nonlamellar phases (Fig. 6):
the brain total extract underwent a lamellar–hexagonal transition
at 45–50 °C (Fig. 6A); the heart total extract – a lamellar-
disordered transition at ∼80 °C (Fig. 6B), and the liver total
extract – a lamellar-hexagonal transition at ∼15–20 °C, with
traces of the micellar cubic phase Fd3m at high temperatures
(N60 °C) (Fig. 6C).
The membrane-mimicking lipid formulation DOPC:DOPE:
DOPS:Chol 45:20:20:15 (w/w) was organized into lamellar
phase at 20 °C (Fig. 7), with a large lamellar repeat distance
d=9.6 nm. On heating, traces of an inverted hexagonal phase
first appeared at ∼40 °C. The two phases – lamellar and HII –
coexisted until the end of the heating scan at 55 °C. Traces of a
third phase – cubic – appeared also at even higher temperatures,
∼50°C, and coexisted with the lamellar and HII.
4. Discussion
According to current understanding, the basic steps of lipid-
assisted transfection include adsorption of lipoplexes to the cell
surface, endocytosis, release of DNA and then transport of the
released DNA to the nucleus for transcription [22–24]. The
release of DNA from the cationic lipid carrier when the lipoplex
gets inside the cell has been identified as one of the key steps in
lipofection. Unbinding of DNA from the cationic lipid is
believed to be a result of charge neutralization of the latter by
cellular anionic lipids. Cationic lipid–DNA interactions are
strong [25] and the only apparent possibility for release of DNA
under cellular conditions (which preclude high temperatures
and high concentrations of competing counterions) is by
neutralization of the cationic lipid charge with cellular anionic
lipids. Indeed, experiments have revealed that addition ofnegatively charged liposomes to lipoplexes results in dissoci-
ation of DNA from the lipid [9–11,17,26]. Thus, intermixing of
membrane lipids with lipoplex lipids is presumed to be a
necessary step in transfection. Given the need for such a step, a
set of recent findings takes on particular significance. These
findings suggest that the structure of cationic lipid carriers
might change dramatically upon mixing with cellular lipids, and
furthermore, that such changes may critically affect DNA
delivery efficiency.
In an earlier publication, we described a correlation between
the delivery efficiency of these DNA carriers and the meso-
morphic phases they form after interaction with anionic mem-
brane lipids. Specifically, formulations that are particularly
effective DNA carriers form phases of highest negative inter-
facial curvature when mixed with negatively charged membrane
lipids, whereas less effective formulations form phases of lower
curvature under the same conditions [27]. Thus, a viewpoint
now emerging is that the critical factor in lipid-mediated trans-
fection is the structural evolution of lipoplexes upon interacting
and mixing with cellular lipids [17,27–30].
When studying the release of DNA as a result of the
interaction of lipoplex lipids with negatively charged membrane
lipids earlier, we used pure anionic membrane lipids [17]. To
better simulate the conditions that exist when lipoplexes interact
with cellular lipids, for the experiments described here, we used
a membrane-mimicking lipid blend as well as tissue lipid
extracts. It was impractical to obtain lipids from internal
membranes of cells involved in vesicle trafficking (much less
the inner lipid monolayer of these membranes), so we simply
made use of commercially available natural mixtures. These
revealed differences among themselves and if perhaps not
entirely representative of the relevant membranes, clearly
revealed surprising properties of natural lipid mixtures. These
turned out to be much more effective in releasing DNA from the
lipoplexes than did the pure anionic lipids. This is surprising
because they have a lower charge density (negatively charged
lipid constitutes only ∼20% of the natural and synthetic
mixtures) and thus less capacity to neutralize the positive charge
of the lipoplex lipids (negatively charged liposomes were added
at 1:1 weight ratio to the cationic lipids). In order to decipher the
observed phenomenon and in view of the strong correlation
between the efficiency of DNA release and the lipid phase
behavior reported previously, we also examined the phase
preferences of the several lipid formulations used in the present
investigation that simulate natural membranes— tissue extracts
and a membrane lipid mixture.
The anionic membrane lipids DOPS and DOPG are known
to be lamellar phase forming [20,21]; all of the membrane-
simulating formulations we examined here also formed lamellar
phases at physiological temperature (with one exception – the
liver total lipid extract – which formed lamellar phase only
below 20 °C), but were found strongly prone to form
nonlamellar phases. Indeed, heating only somewhat above
physiological temperatures, generally in the range 40–50 °C,
was sufficient to convert them into nonlamellar aggregates
(previous studies have shown the ability of mammalian lipid
compositions to arrange into nonlamellar arrays at conditions
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hydration [2,3]). Given their unusual effectiveness in releasing
DNA from lipoplexes, the fact that these lipids are very close to
a nonlamellar phase boundary suggests that lipid phase
properties are very important in lipofection processes.
The propensity of lipids to form nonbilayer phases is
embodied in the concept of bilayer "frustration" that is brought
about by the imbalance of forces in the bilayer, and which
imposes a nonzero intrinsic curvature on the two opposing
monolayers [31–33]. The concept of spontaneous (intrinsic)
curvature is a formal mechanism to describe the tendency of a
monolayer to bend to a particular curvature; it is more a
thermodynamic property than a real physical curvature (since
the lamellar phase imposes the juxtaposition of the two
monolayers and the actual curvature is zero). It is related to
the stored curvature elastic energy at a given monolayer
topology. For DOPE, the most frequently explored example of a
membrane lipid prone to form nonbilayer phases, this stored
curvature elastic energy has been estimated as ∼1 kBT per
molecule in a flat monolayer [34–36]. This value is close to the
estimates of the binding energy between cationic lipid
(specifically, EDOPC) and DNA, assessed from examination
of lipoplex dissociation under conditions of increasing salt
concentration [25]. It is thus clear that the balance between these
energy contributions – the elastic energy stored in a frustrated
lipid bilayer and the lipid–DNA binding energy – could play a
significant role in lipoplex–membrane interactions and DNA
release energetics.
There is now a growing body of evidence that nonlamellar-
forming membrane lipids play essential roles in many aspects of
membrane functions. Moreover, the tendency of some bacteria
to regulate the lipid composition of their membranes within a
window close to the lamellar–nonlamellar phase transition has
been reported (e.g., [37]). The total lipids from A. laidlawii have
been shown to form nonlamellar phases [38]. Furthermore, the
activity of membrane proteins has been shown to be strongly
modulated by membrane curvature/elastic stress properties,
controlled in turn by the presence of nonbilayer-forming lipids
(e.g., [39–42]).
Our finding that various tissue extracts from higher
organisms are also strongly prone to arrange into nonlamellar
phases, and do form such phases at close to physiological
conditions shows that such properties are not limited to bacteria.
This propensity may well have much broader significance than
in DNA transfection and may well be significant for a variety of
biological processes. It is a potentially critical property because
it allows a small energy input to trigger a massive structural
change. This follows because structural phase transitions
between liquid crystalline phases are quite cooperative, and
such massive transformations can be produced by small
variations in composition or environmental conditions.
As described here, the propensity of membrane lipid
compositions to convert into nonlamellar phases is seen to be
very important for their interaction with lipoplexes and the
subsequent release of DNA. A possible molecular scenario can
be envisioned in which the minor portion of anionic lipid found
in membranes is sufficient to initiate a contact between apositively charged lipoplex and a membrane (local negative
charge density could be high though, as a result of migration of
the negative lipid to the contact region, as, for example, is
shown in ref. [43]; such a phenomenon was proposed to account
for the frequent hemifusion of oppositely-charged giant vesicles
having low concentrations, ∼20%, of charged lipid [44]); if the
lipoplex and/or membrane bilayers are strongly disposed to
form nonlamellar phases, a transition to such phase induced by
their intermixing may release enough elastic free energy to
counterbalance the residual cationic lipid–DNA electrostatic
attraction and make the release of DNA favorable.
According to the analysis of Parsegian and Gingell [45],
contact between oppositely charged surfaces in electrolyte
solution is possible only if the two surfaces bear the same
charge density; otherwise, the surfaces can repel each other even
though they are oppositely charged. This consideration seems
important for the lipoplex–membrane interactions, since the
requirement for equal charge densities is difficult to fulfill; the
actual charged lipid fraction of membranes depends strongly on
cell type and also varies from organelle to organelle. For soft,
flexible, oppositely charged surfaces such as the liquid
crystalline lipid bilayers, with freely flowing, possibly non-
uniformly distributed charges, however, it has been shown that
large charge density fluctuations are likely [46] as a result of
lipid demixing [47–49]. Such fluctuations can trigger attractive
instabilities, promote high local curvatures, and thus reduce the
fusion barrier, thereby facilitating fusion [50]. Moreover, the
lipid moiety of biomembranes has been found to be, in general,
close to the demixing point [51].
The importance of electrostatic interactions for the (initial)
interactions of lipoplexes and negatively charged membranes,
promoting further to DNA release, was indeed demonstrated by
our DNA release flow-fluorometry experiments involving
lipoplexes with excess lipid or excess DNA (Fig. 3) that had
positive and negative zeta potentials, respectively (Fig. 4).
While the lipoplexes with excess cationic lipid promptly and
efficiently released DNA upon addition of negatively charged
liposomes, virtually no release was observed with the lipoplexes
bearing excess DNA.
We conclude on a note of caution: The extraordinary
efficiency of the lipid formulations that simulate natural
membranes – tissue extracts and the membrane lipid mixture
– in releasing DNA from lipoplexes, together with their strong
propensity to form nonlamellar phases indicates, that, although
electrostatic interactions are important in transfection, they are
only one of the multitude of factors in the molecular machinery
of the lipid-mediated DNA delivery.
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